Precise measurement of the flow rate of groundwater was started in August 1991 at an observation well (KSM) in the eastern part of Fukushima Prefecture, Northeast Japan. This well, located right on the Futaba fault, has shown systematically earthquake-related changes in the radon concentration of the groundwater. Although anomalous changes in the flow rate associated with earthquakes have not been observed, the flow rate showed fluctuations responding to Earth tides and atmospheric loading. The phase of the response to the theoretical tidal strain advanced and the tidal strain sensitivity to the semidiurnal constituents are larger than that to the diurnal constituents. These responses can be explained by groundwater leakage from the aquifer, which is consistent with the fractured crustal structure around the strainer position.
Introduction
Water level and/or flow rate of an artesian well are known to indicate crustal strain, because crustal strain changes will cause fluid pressure variations, which in turn cause changes the water level and/or flow rate. Responses of the water level to Earth tides and atmospheric loading have been observed in many wells. Since these responses are closely related to the elastic properties and porosity of aquifers, analysis of the responses gives estimates for material properties surrounding the wells (Bredehoeft, 1967; Robinson and Bell, 1971; Rojstaczer and Agnew, 1989) . , In addition to the tidal and barometric response, some wells show changes in water level and/or flow rate of groundwater associated with earthquakes (Roeloffs, 1988; Igarashi and Wakita, 1991; Kawabe et al., 1988) and with creep movements on active faults (Lippincott et al., 1985) . Since water level or flow rates are easily measured, groundwater monitoring is important for the crustal strain observation.
For the purpose of earthquake prediction, we have been carrying out geophysical and geochemical observations of groundwater at three observation sites in the Tohoku district, Japan (Fig. 1) , since as early as 1980 (Wakita et al., 1986) . One of them, the KSM observation site, has been known to be particularly sensitive to earthquake occurrences. Previous study revealed that the KSM well showed systematically coseismic changes in the radon concentration of groundwater for most nearby earthquakes with magnitude M_??_6.0 . In addition, preseismic changes in the radon concentration were also observed Wakita et al., 1991) . The mechanism of earthquake-related radon changes, however, has not been understood. In August 1991, we installed a system for precise measurement of flow rate at the KSM well. Responses to Earth tides and atmospheric pressure have been observed. In the present paper, we will examine the tidal responses and will show that the phase and the amplitude to the theoretical tidal strain are frequency dependent. Then the frequency dependence will be explained by the groundwater leakage model.
KSM Observation Site
The KSM observation site is located in the eastern part of Fukushima Prefecture (Fig. 1) . A 200-m-deep artesian well tapped right on the fracture zone of the Futaba fault, one of the major active faults in Northeast Japan, is being used for geochemical and geophysical monitoring purposes.
The general geology of the area has been described by Koike (1969) . The eastern part of the Futaba fault, the coastal lowland, is covered with Tertiary and Quaternary sediments. While the western side of the fault, the Abukuma high mountain area, is composed of volcanic materials of Paleozoic, Mesozoic, and Miocene, including metamorphic rocks of granodiorite. The upper layer is composed of sandstone and shale. Mylonitic granodiorite is found in the layers deeper than 130 m, and the structure of brecciation and pulverization in the rocks clearly reflects the fault movements (Nakamura and Wakita, 1982) . Figure 2 is a schematic diagram of the whole monitoring system. The depth of the hole is 200 m and the strainer is placed between 124 and 129 m. A steel casing pipe of 10 cm in diameter is inserted into the hole for the entire depth. The groundwater at the strainer position is siphoned through a vinyl pipe 1.3 cm in diameter to the radon measuring chamber at the ground surface.
In addition to the radon concentration in the groundwater, water temperature in the radon detection chamber, and atmospheric pressure, we started measurements of water level, in situ temperature of the aquifier (126 m depth), and temperature in the gaseous phase in the radon detection chamber in April 1989. Details of the observation at the KSM site have been described by 
Results
The observed changes in flow rates of the KSM observation well showed large fluctuations with a period of several minutes and small fluctuations in response to Earth tides and barometric pressure. Figure 4 shows the typical minutely data of the flow rate and water level. The flow rate fluctuates between 10 and 40 ml/min with a period of about 12 min. A similar fluctuation is observed in the water level, although these two variation patterns are not exactly the same.
Taking the 3 h period shown in the figure, changes in barometric pressure and tidal strain are so small that their effects on the aquifer can be neglected. Moreover, the Figure 7 shows flow rate, 25-h moving averaged flow rate, and atmospheric pressure for January and February 1992. The 25-h moving averages are plotted to remove tidal variations and random noises. It is obvious that the flow rate is inversely correlated with the atmospheric pressure.
As is shown above, the flow rate shows responses to Earth tides and atmospheric pressure. To examine the tidal and the barometric responses, we analyzed the observed data using a computer program "BAYTAP-G" ( Bayesian Tidal Analysis Program in a Grouping Method) developed by Ishiguro et al. (1984) and Tamura et al. (1991) . In the calculation, the hourly averaged data on the flow rate yi are decomposed into the following form: applied by Earth tide which is thousands of kilometers. In this case, the free-surface boundary condition is a good approximation, and the fluid pressure of the aquifer is linearly related to the areal strain (Van der Kamp and Gale, 1983) . Although the fluid pressure should respond to volumetric strain, it is more convenient to examine the response of fluid pressure to areal strain. Thus, we will estimate areal strain applied by Earth tide. Because the KSM well is about 10 km from the coast, the loading effect of the ocean tide may not be negligible. A computer program "GOTIC" (program for Global Oceanic Tidal Correction) has been developed by Sato and Hanada (1984) for computation of various kinds of oceanic tidal loading effects such as radial and horizontal displacements, gravity, tilt, strain. By using GOTIC, we have evaluated dilatation due to ocean tide at the KSM site. Table 2 gives the areal strain due to the theoretical Earth tides, oceanic tidal loading effect, and total tidal effect at the KSM site, together with the phase shifts relative to the theoretical Earth tides. The M2 and O1 amplitudes of the areal strain due to the oceanic tidal loading effect are 22 and 8% of those due to the solid Earth tides, respectively.
In Table 3 , we list areal strain sensitivities and phase shifts of the flow rate for the O 1, K1, M2, and S2 tidal constituents. It should be noted that: (1) the response for the Table 2 . Amplitude and phase values of areal dilatation due to solid Earth tide, oceanic tidal effect, and total tidal effect at the KSM site. 
p(z=• ‡, t)=-ƒÏgAsƒÃ0cos(ƒÖt),
where ƒÃ0 is the amplitude of the areal strain. The fluid pressure in the response to the periodic tidal strain, pt, is given by the equation (Rojstaczer, 1988a) , Fig. 12 . Areal strain sensitivity (a) and phase (b) of response to periodic areal strain as a function of frequency (cycles/day). The curve is given by Eq. (11). Observed strain sensitivities and phase shifts for M2 (white square), O1 (black square), S2 (white circle), and K1 (black circle) tide are also plotted. The best fit to the observed data is achieved with a static-confined areal strain sensitivity, Q0, of 0.19 ml/min/10-8 and a hydraulic diffusivity, D', of 1.8 m2/s. 0.19 ml/min/10-8 strain, respectively. From Eq. (12) and the value of CA, the areal strain sensitivity As is calculated to be 2.0cm/10-8 strain. This value agrees well with that of the Nishiawakura well (1.4 cm/10-8 strain) which was estimated by Koizumi (1993) in the same way. The value of D' of the KSM well is larger by one order of magnitude than that of the Nishiawakura well, reflecting the condition that the KSM well is tapped on the fractured zone. Rojstaczer (1988b) also gave a model for the response of the water level in an open well to periodic fluctuation in atmospheric loading. The response to atmospheric loading is considerably different from that to earth tide, because the load diffuses through the air phase in the unsaturated zone. The frequency dependence of the barometric efficiency is affected by the relation between the diffusibilities of the atmospheric pressure in the unsaturated zone and the water pressure in the saturated zone (Rojstaczer, 1988b) . The typical response is significantly attenuated at lower frequency and has peak at middle frequency and reaches the plateau of the static confined value at higher frequency. This model, however, can not explain our result, especially at higher frequency, where no attenuation was observed. This is because the observed flow rate is very noisy and has considerable power in the high frequency.
Conclusions
Since August 1991, we have installed an apparatus to precisely measure the flow rate at the KSM well, which is located right on the Futaba fault in northeast Japan.
The flow rate fluctuation responds to Earth tides and atmospheric loading. Strain sensitivity to the semidiurnal constituents is larger than that to the diurnal constituents.
Phases of the response to the tidal constituents advance relative to the estimated static-confined response. These frequency dependence of the response may be attributed to leakage of the fluid pressure from the aquifer, which is probably due to the structure of brecciation and pulverization in the rocks.
So far we have not observed anomalous changes in the flow rate associated with e arthquakes.
However, the continuous measurement of the flow rate will be helpful for detection and understanding the mechanism of earthquake-related phenomena.
